INTRODUCTION
Human herpesvirus (HHV)-6 was isolated in 1986 from the peripheral blood mononuclear cells of 6 patients affected with various lymphoproliferative disorders. 1 This enveloped virion contains about 160 kb of linear double-stranded DNA, 2 and is now classified as a member of the Roseolovirus genus in the Betaherpesvirinae subfamily of human herpesviruses. Type A and type B variants of HHV-6 have been identified, exhibiting different epidemiological and biological characteristics and disease associations. 3 HHV-6B is highly prevalent in the human population, infecting virtually all children within the first few years of life. 4, 5 Like the other herpesviruses, HHV-6 is capable of persisting in the host after primary infection. Under conditions of immunosuppression, HHV-6 can reactivate from latency.
Both HHV-6A and -6B replicate most efficiently in vitro in CD 4 + T cells. 6 The host tissue range of HHV-6 in vivo is broad and includes peripheral blood mononuclear cells, 7 salivary glands, brain tissue, liver cells, lymph node, and endothelial cells. 8 Candidate sites for latency are salivary glands, 9 ,10 brain tissue, 11, 12 monocytes, 13 and early bone marrow progenitor cells.
14 Primary HHV-6 infection commonly causes exanthem subitum. 4, 5 Associations between HHV-6 infection (reactivation) and development of many diseases have been investigated, including multiple sclerosis, 15 mesial temporal lobe epilepsy, 12, 16 encephalitis in immunocompetent patients, 17 chronic fatigue syndrome, 18 drug-induced hypersensitivity syndrome, 19, 20 Kikuchi's disease, 21 hematological malignancies, and complications following stem cell or organ transplantation.
To date, huge numbers of investigations have examined the roles of HHV-6 in the development of hematological malignancies (as an oncogenic agent), and the significance of HHV-6 infection during the course of treatment (as an opportunistic pathogen). However, careful interpretation of published data is required. The present work offers an overview of experimental and clinical observations supporting the involvement of HHV-6 in hematological malignancies.
HHV-6 AS A CAUSATIVE AGENT IN HEMATOLOGICAL MALIGNANCIES
Two human herpesvirus, Epstein-Barr virus (EBV) and HHV-8, are well-known as oncogenic agents. As HHV-6 strains were first isolated from patients with lymphoproliferative disorders, 1 pathogenetic roles for HHV-6 in the development of lymphoproliferative diseases have been a matter of continuous interest. A possible pathogenetic role for HHV-6 in lymphoproliferative diseases was first suggested by the ability of its DNA to transform established NIH 3T3 cells and human epidermal keratinocytes in vitro. 22, 23 Kashanchi et al. 24 reported that HHV-6 genes encode transactivation proteins, one of which has been shown to possess transformative properties. However, transforming events after HHV-6 infection have not been confirmed in vitro, and no definitive association between HHV-6 and canceration have been provided in vivo. HHV-6 has therefore not yet been defined as an oncogenic pathogen.
Hodgkin lymphoma
Both genetic and environmental factors have been implicated in the pathogenesis of Hodgkin lymphoma. 25 EBV is present in the neoplastic cells of 20-40% of patients with Hodgkin lymphoma, 25 and has been shown to represent an oncogenic infectious agent for Hodgkin lymphoma. 26 Associations between HHV-6 and Hodgkin lymphoma were first suggested by Torelli et al. 27 in 1991. They showed higher anti-HHV-6 antibody titers in patients with Hodgkin lymphoma than in normal blood donors, and HHV-6 sequences were detected in 3 of 25 patients with Hodgkin lymphomas. Since then, many studies aimed at identifying the HHV-6 genome in pathologic specimens using polymerase chain reaction (PCR) have been reported (Table 1) . [28] [29] [30] [31] [32] [33] [34] [35] [36] Frequencies of positive HHV-6 DNA appear to vary widely among these studies, and may depend on the differences in PCR sensitivity for each study. Variant B has been identified more frequently than variant A. However, it is important to note that positive PCR results do not necessarily indicate the presence of HHV-6 in neoplastic cells. HHV-6 is a ubiquitous pathogen, and remains in a latent state in various host cells including leukocytes. Altered immune status due to disease may thus induce HHV-6 reactivation. As a result, positive PCR results for HHV-6 may merely reflect latent infection or immunological dysfunction. In fact, Sumiyoshi et al. 28 found amplified HHV-6 DNA using PCR in 64.3% of patients with Hodgkin lymphoma but were unable to detect HHV-6 DNA using Southern blot analysis. They concluded that the presence of HHV-6 DNA shown by PCR was derived from latent infection. Histopathological analysis is a reliable method to demonstrate HHV-6 infection in neoplastic cells. A small number of studies have investigated HHV-6 antigen expression in lymphoid tissue. [29] [30] [31] These investigations found a lack of HHV-6 antigen expression in neoplastic cells and limited expression in Reed-Sternberg cells, [29] [30] [31] arguing against any major pathogenic role of the virus in lymphomagenesis.
The possibility remains that the virus infection is associated with the clinicopathological features in patients with Hodgkin lymphoma. Several studies have shown that the frequency of detecting HHV-6 DNA is higher in patients with nodular sclerosis (NS) subtype than with other subtypes. 27, 34, 36 Lacroix et al. 36 reported that patients with the NS subtype of Hodgkin lymphoma who were positive for HHV-6 in lymph nodes were younger than those showing negative results. They also showed that the prognosis in these patients was very good, and HHV-6 positivity can be considered as a predictor of good outcomes.
Non-Hodgkin lymphoma (NHL)

1) Angioimmunoblastic T-cell lymphoma (AITL)
Clinical presentations including high-fever, polyclonal gammopathy, or polymorphic histological appearances raise the possibility of a role for infectious agents in the pathogenesis of AITL. To date, EBV, 37,38 HHV-6, and HHV-8 have been reported to show associations with AITL. HHV-6 is found in 22-62.5% of AITL cases by PCR (Table  2) . 28, 31, 34, [38] [39] [40] [41] However, neither EBV 37 nor HHV-6 31 has been found in malignant cells by histopathological analysis, suggesting a lack of direct causative roles in the development of AITL. Zhou et al. 38 reported simultaneous infection with both EBV and HHV-6 B only in specimens showing histological patterns I or II, and a tendency towards an inverse correlation between EBV and HHV-6 B viral loads. These findings suggest an association among EBV, HHV-6 B, and histological progression of AITL.
2) Non-Hodgkin lymphoma (other than AITL)
The HHV-6 genome is detected in 22.2-62.1% of cases of NHL by PCR (Table 2) . 28, 34, 35, 40, 43, 44 Similar to what was outlined in the section on Hodgkin lymphoma and AITL, these results do not necessarily indicate presence of HHV-6 in neoplastic cells. Negative results for the detection of HHV-6 DNA by Southern blot analysis 28 and a lack of HHV-6 antigen expression in neoplastic cells 31, 44 suggest that HHV-6 DNA shown by PCR was derived from latent infection.
3) Adult T-cell leukemia (ATL)
HHV-6 can infect ATL cell lines. 45 HHV-6 has been effectively propagated in a T-cell line derived from a patient with ATL. 46 Persistent HHV-6 infection facilitates growth of ATL cells. 47 These in vitro findings suggest a possible pathogenic role for HHV-6 in ATL. Table 3 shows the results of HHV-6 DNA quantification in specimens from patients with ATL and other lymphoid malignancies using real-time PCR in our institute. A relative high level of HHV-6 DNA was occasionally observed in specimens from ATL patients. However, whether high levels of HHV-6 DNA in pathogenic specimens reflect the presence of HHV-6 in ATL cells or HHV-6 reactivation from a latent state due to altered immune status remains uncertain.
Acute leukemia
Various hypotheses have been proposed concerning the involvement of infectious mechanisms in the development of acute leukemia. The role of HHV-6 in acute leukemia, particularly childhood acute lymphoblastic leukemia (ALL), has been a matter of continuous interest, but remains controversial. Ablashi et al. 48 found high levels of HHV-6 antibodies in a small group of children with ALL compared with normal subjects, but a sequential study 49 showed no significant differences in antibody titers between 50 patients with ALL and 50 sex-age matched blood donors. The largest serological casecontrol investigation 50 showed a slight but significant association between HHV-6 antibody titers and acute myeloid leukemia (AML) patients, while no significant association was found between HHV-6 antibodies and ALL. In 2002, however, Salonen et al. 51 found the presence of IgM antibodies in 40% of children with leukemia (n= 40) and high avidity of IgG compared with controls. The results again raise the possibility of a role for HHV-6 infection in childhood ALL. Bogdanovic et al. 52 analyzed HHV-6 and EBV DNA in Guthrie cards from children, but did not detect the DNA of these viruses in any samples from 54 subjects who later develop leukemia or 47 matched controls. These findings indicate that childhood ALL is unlikely to be associated with in utero infection by HHV-6. 52 HHV-6 DNA was detected by PCR and in situ hybridization in the bone marrow cells of children with T-ALL 53 in 1991. However, Barozzi et al. 54 found that the presence of HHV-6 in hematological malignancies 55 recently analyzed HHV-6 DNA copy number by real-time PCR in bone marrow and peripheral blood from 36 children with ALL at diagnosis and during complete remission. Positive rates were 13.9% in leukemia samples and 34.1% in complete remission samples. Viral load was lower at diagnosis than at complete remission. Based on these findings, they concluded that HHV-6 may be unable to infect leukemia cells and reactivation may be observed during complete remission.
HHV-6 chromosomal integration and development of hematological malignancies
The unique form of HHV-6 persistence is characterized by integration of the viral DNA sequences into chromosomes. The incidence of chromosomal integration (CI) for HHV-6 is about 2% in the population of the United Kingdom. 56 Whether integrated HHV-6 is capable of replication or is associated with disease remains unclear. Daibata et al. 57 demonstrated integration of HHV-6 genome in a Burkitt' s lymphoma cell line. Furthermore, they showed chromosomal transmission of HHV-6 DNA in ALL. 58 These findings suggest the possibility of an association between chromosomally integrated HHV-6 and development of hematological malignancies. On the other hand, Hobacek et al. 59 recently reported the prevalence of HHV-6 CI among children with ALL or AML. Among 339 patients, 5 patients (1.5%) were confirmed with HHV-6 CI. They concluded that the prevalence of HHV-6 CI in childhood leukemia does not differ from that published for other patients or healthy populations.
HHV-6 AS AN INFECTIOUS AGENT IN HEMATOLOGICAL MALIGNANCIES
As described above, many studies have tried to establish links between HHV-6 infections and development of hematological malignancies, with discordant results. However, HHV-6 is increasingly being recognized as an opportunistic pathogen rather than a causal pathogen among clinical hematologists. Particularly in the field of stem cell transplantation (SCT), HHV-6 is now considered as an important pathogen linked to life-threatening encephalitis. On the other hand, the clinical syndrome of HHV-6 reactivation in patients with hematological malignancies who do not receive allogeneic SCT is not well defined.
HHV-6 reactivation in allogeneic SCT
Overall, HHV-6 has been shown to reactivate in 40-50% of patients undergoing SCT. [60] [61] [62] [63] [64] [65] [66] Most HHV-6 infections are due to reactivation of HHV-6 type B. 63, 67 HHV-6 appears most frequently around 2-6 weeks after SCT, 61, 63, 65, 66, 68 and onset of HHV-6 reactivation is concentrated around 0-9 days after neutrophil engraftment. 65 HHV-6 can reactivate to high levels within a week, 65, 69 but duration of HHV-6 reactivation is usually short (Fig. 1) . 65 Younger age, 63 underlying diseases, 63 sex mismatch, 63 HLA mismatch, 65, 66 steroid treatment, 63, 65 unrelated transplants, 64, 65 cord blood transplantation, 66, 70 and low anti-HHV-6 IgG titer before transplantation 66 have been identified as risk factors associated with HHV-6 reactivation. Steroid administration 65 and cord blood transplantation 70 are also associated with higher- ATL, adult T-cell leukemia ; LN, lymph node ; PB, peripheral blood level HHV-6 reactivation. Cord blood transplant recipients thus display a higher risk of HHV-6 infection in terms of both incidence and level. To date, many studies have shown the significance of HHV-6 as a pathogen for various complications after SCT (Table 4) . 60, 61, 63-66, 68, 69, 71-91 Due to the significant incidence and poor prognosis, HHV-6 encephalitis is thought to represent the most important complication associated with HHV-6.
HHV-6 encephalitis in SCT
Diagnostic criteria for HHV-6 encephalitis have yet to be established, but HHV-6 encephalitis is generally defined as : the presence of neurological symptoms ; positive PCR results for HHV-6 in cerebrospinal fluid ; and the absence of other identified etiologies of encephalitis. 81 Retrospective surveillance by a Japanese group has reported an incidence of 0.98%. 81 Five epidemiological studies that monitored HHV-6 viral load have shown associations between HHV-6 reactivation and development of central nervous system (CNS) dysfunction. 63, 65, 66, 68, 69 Incidences ranged from 3.6% to 8.0%. Vu et al. 84 reported an incidence of 11.6% in patients receiving alemtuzumab-supported conditioning. The high incidence of HHV-6 encephalitis among patients receiving cord blood transplant is becoming a major concern in Japan.
A retrospective analysis of 23 patients with HHV-6 encephalitis in Japan 86 revealed that most cases of HHV-6 encephalitis developed in patients who had received transplants from alternative donors including unrelated donor or cord blood, and more than half had received steroid treatment, with onset of encephalitis beginning at a median of day 22 after SCT. Symptoms included coma/ impaired consciousness (91%), loss of short-term memory (73%) and seizures (70%). Magnetic resonance imaging (MRI) revealed abnormal findings within the temporal lobes in 73% of patients. Zerr 80 reviewed 48 recipients with HHV-6 encephalitis who had previously been described in the literature and found similar results, with 84% of patients receiving mismatched related or unrelated transplantation. Onset of encephalitis began on a median of day 24. Symptoms were characterized by shortterm memory loss, depressed consciousness, confusion, disorientation and seizure. MRI showed abnormal findings in 70% of patients, most commonly within the medial temporal lobes (limbic encephalitis). Fig. 2 shows MRI findings in a patient who developed HHV-6 encephalitis after SCT.
The limbic system seems to be an exclusive target of HHV-6. 65, 69, 77, 78, 80, 82, 83, 86 Using immunohistochemical methods, several investigators have found that HHV-6 displays tropism for hippocampal astrocytes in recipients who developed encephalitis. 77, 78, 82 The pathogenic mechanisms underlying HHV-6 encephalitis, however, have not been well defined. HHV-6 encephalitis develops concomitant to peak HHV-6 DNA levels in plasma, 65 and higher levels of HHV-6 DNA in peripheral blood are associated with the development of CNS dysfunction. 65, 87 These findings suggest direct destruction of the CNS by HHV-6. However, not all patients with high HHV-6 load in peripheral blood develop CNS dysfunction, 87 suggesting that additional factors are required for progression to encephalopathy. A recent report showed higher levels of plasma interleukin-6 before HHV-6 reactivation are associated with progression to HHV-6 encephalitis. 87 The prognosis of HHV-6 encephalitis is poor. A retrospective study in Japan 86 showed sequelae in about half of patients despite receiving antiviral treatment. Zerr 80 reported that 19 of 44 patients with HHV-6 encephalitis who had been previously described in the literature were left with neurological compromise or died of encephalitis. These observations indicate that the efficacy of antiviral treatments appears insufficient once HHV-6 encephalitis has developed. Table 4 . Clinical manifestations potentially associated with human herpesvirus 6 in stem cell transplantation
HHV-6 infection in patients with hematological malignancies who do not receive allogeneic SCT
A few case reports have described patients who developed HHV-6-associated complications, including thrombotic microangiopathy after autologous SCT 92, 93 or HHV-6 encephalitis in patients with ATL. 94 However, few epidemiological studies have examined the incidence or significance of HHV-6 reactivation in patients with hematological malignancies who do not receive allogeneic SCT. Yoshikawa et al. 61 found no cases of HHV-6 viremia among patients receiving autologous SCT. Chemaly et al. 95 reported 11 of 37 patients with leukemia displayed positive HHV-6 DNA in whole blood specimens. However, that study specifically examined severely immunosuppressed patients with leukemia at risk of mold infection, and the results may therefore not be applicable to the general leukemia population. The clinical significance of HHV-6 reactivation in each hematological malignancy or each therapy should be clarified in the future.
CONCLUSIONS AND FUTURE INVESTIGATIONS
Many studies have tried to establish links between HHV-6 infection and development of hematological malignancies, with discordant results. Interpretation of positive PCR results for HHV-6 in pathologic specimens is complicated by the ubiquitous nature of HHV-6 and its abilities to remain in a latent state, reactivate under altered immune status, and integrate into host chromosomal DNA. Examinations of HHV-6 antigen expression in tumor tissue would improve the interpretation of results. To date, however, relatively few studies [29] [30] [31] have focused on HHV-6 expression on neoplastic cells, and no evidence has been found for the involvement of HHV-6 in neoplastic cells. More large-scale studies using histopathological methods might identify a pathogenic role for HHV-6 in a subset of lymphoproliferative disorders.
Despite the lack of HHV-6 infection in neoplastic cells, HHV-6 infection may be associated with the clinical course for NS-type Hodgkin lymphoma 36 and with pathological features for AITL. 38 These findings suggest HHV-6 infection of normal lymphocytes in tumor tissue affects the histological progression or prognosis in a subset of lymphomas. The ability of HHV-6 to modulate the production of and response to cytokines and chemokines 38, 96, 97 may be associated with such behaviors. Further in-depth examinations may identify complementary roles for HHV-6 in the pathogenesis or progression of lymphoma.
HHV-6 is now recognized as a well-known pathogen in the field of allogeneic SCT. About half of SCT recipients experience HHV-6 reactivation. The most important, lifethreatening complication associated with HHV-6 reactivation appears to be encephalitis. The pathogenic roles of HHV-6 have not been well clarified but may include direct or immune-mediated destruction of the CNS. Further exploration of the pathogenic roles of HHV-6 in the development of encephalitis may contribute to the development of effective preventative methods and the improvement of prognosis. The efficacy of anti-viral therapy against developed HHV-6 encephalitis appears insufficient, and the establishment of strategies for appropriate pre-emptive or prophylactic methods against HHV-6 encephalitis represents an important challenge for SCT physicians. 
